Voltage-gated chloride channels (ClC) are highly conserved during evolution and appear to participate in a variety of physiological functions. Recently, ClC-2 was proposed to play a role in stabilizing the chloride equilibrium potential near or below the resting membrane potential in neurons expressing ligand-gated chloride channels. Because rod bipolar cells in mammalian retina express three forms of inhibitory ligand-gated chloride channels, we decided to study ClC-2 localization and function in the rat retina. RNA encoding ClC-1, -2, -3, -4, and -5 was detected by reverse transcription-PCR in the rat retina. ClC-2-specific antibodies identified protein on cell bodies and in synaptic layers. Double-immunofluorescence staining revealed that intense ClC-2 immunoreactivity colocalized with PKCstained rod bipolar cells. Patch-clamp experiments performed with individual rod bipolar cells demonstrated the presence of a time-dependent, inwardly rectified current activated at hyperpolarizing membrane potentials. This current demonstrated selectivity for different anions (Cl Ϫ Ͼ I Ϫ Ͼ gluconate), was inhibited by Cd 2ϩ , and was minimally reduced by 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulphonic acid. These features are consistent with currents generated by ClC-2 channels. Our data indicate that functional ClC-2 channels are present in retinal rod bipolar cells and support a role for ClC-2 in maintaining Cl Ϫ homeostasis in neurons with ligand-gated chloride channels.
Voltage-gated chloride channels (ClC) are highly conserved during evolution and appear to participate in a variety of physiological functions. Recently, ClC-2 was proposed to play a role in stabilizing the chloride equilibrium potential near or below the resting membrane potential in neurons expressing ligand-gated chloride channels. Because rod bipolar cells in mammalian retina express three forms of inhibitory ligand-gated chloride channels, we decided to study ClC-2 localization and function in the rat retina. RNA encoding ClC-1, -2, -3, -4, and -5 was detected by reverse transcription-PCR in the rat retina. ClC-2-specific antibodies identified protein on cell bodies and in synaptic layers. Double-immunofluorescence staining revealed that intense ClC-2 immunoreactivity colocalized with PKCstained rod bipolar cells. Patch-clamp experiments performed with individual rod bipolar cells demonstrated the presence of a time-dependent, inwardly rectified current activated at hyperpolarizing membrane potentials. This current demonstrated selectivity for different anions (Cl Ϫ Ͼ I Ϫ Ͼ gluconate), was inhibited by Cd 2ϩ , and was minimally reduced by 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulphonic acid. These features are consistent with currents generated by ClC-2 channels. Our data indicate that functional ClC-2 channels are present in retinal rod bipolar cells and support a role for ClC-2 in maintaining Cl Ϫ homeostasis in neurons with ligand-gated chloride channels.
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The voltage-gated chloride channel (C lC) family in mammals consists of nine different proteins, most of which are of unknown function (Jentsch and Günther, 1997) . The third member of this family, C lC -2, is ubiquitously expressed and is associated with a time-dependent, inwardly rectified chloride conductance activated by cell swelling, extracellular acid pH, or membrane hyperpolarization Thiemann et al., 1992; Staley et al., 1996; Jordt and Jentsch, 1997; Schwiebert et al., 1998) . Despite the wide distribution of C lC -2, it has been suggested that ClC-2 channels in neurons act in concert with chloride transporters to facilitate neurotransmitter-mediated inhibition (Smith et al., 1995; Staley et al., 1996) .
In most mature neurons, outward-directed chloride transporters, such as the potassium -chloride cotransporter or the sodium linked chloride -bicarbonate exchanger, drive the chloride equilibrium potential (E C l ) negative relative to the cell resting membrane potential (E m ) (Thompson and Gähwiler, 1989b; Staley et al., 1996; Jentsch and Günther, 1997; Jarolimek et al., 1999; Rivera et al., 1999) . Under this situation, opening of GABA-or glycine-gated chloride channels results in hyperpolarization of the neuron. However, prolonged stimulation of inhibitory receptors can reduce the degree of hyperpolarization and can even lead to depolarization because of intracellular chloride accumulation (McCarren and Alger, 1985; Thompson and Gähwiler, 1989a,b; Staley et al., 1995) . Furthermore, certain neurons are depolarized by activation of GABA receptors, and it has been shown that E C l is positive relative to E m in these cells (Misgeld et al., 1986; Rohrbough and Spitzer, 1996) .
Two observations indicate that ClC-2 channels underlie a noninactivating inwardly rectifying chloride conductance that prevents E C l from becoming positive relative to E m in cells hyperpolarized by inhibitory neurotransmitters (Staley, 1994; Staley et al., 1996) . First, pyramidal neurons that are hyperpolarized by GABA expressed ClC-2 channels, whereas dorsal root ganglion (DRG) neurons that are depolarized by GABA lacked ClC-2 expression (Misgeld et al., 1986; Thompson and Gähwiler, 1989b; Staley, 1994; Smith et al., 1995; Rohrbough and Spitzer, 1996) . Second, expression of ClC-2 in DRG neurons using an adenoviral vector reduced E C l to levels close to E m and attenuated GABA-mediated depolarization (Staley et al., 1996) .
Anatomic, electrophysiological, and molecular studies indicate that activation of GABA A , GABA C , or glycine receptors causes hyperpolarization of retinal bipolar cells (GABA A receptors: Karschin and Wässle, 1990; Grigorenko and Yeh, 1994; Greferath et al., 1995; GABA C receptors: Feigenspan et al., 1993; Enz et al., 1995; Enz et al., 1996; Euler and Wässle, 1998; Fletcher et al., 1998; glycine receptors: Karschin and Wässle, 1990; Enz and Bormann, 1994; Greferath et al., 1994) . However, the expression pattern of voltage-gated chloride channels in the retina is unknown. As a first step to explore the possible role of ClC channels in visual signal transduction, we analyzed retinal mRNA for members of the ClC family. Subsequently, the expression of ClC-2 was studied in detail, using C lC -2-specific antibodies in combination with colocalization techniques. Patch-clamp experiments were performed on dissociated retinal neurons to verify the results of the immunocytochemical studies. We conclude that rod bipolar cells express f unctional C lC -2 chloride channels.
MATERIALS AND METHODS
cDNA synthesis and PCR . Five micrograms of rat retina poly(A ϩ ) RNA (C lontech, Palo Alto, CA) were incubated for 30 min at 37°C with 50 U of DNaseI (Boehringer Mannheim, Mannheim, Germany) and 40 U of RNasin (Boehringer Mannheim) in a final volume of 100 l to remove possible contamination from chromosomal DNA. To remove the enzyme, acid phenol extraction and ethanol precipitation was performed by adding 16 l of 2 M sodium acetate, pH 4.0, 100 l of acid phenol, and 50 l of chloroform /isoamylalcohol (49:1) following the protocol of Chomczynski and Sacchi (1987) . All chemicals were purchased from Sigma (St. L ouis, MO). cDNA synthesis was performed in 40 l of cDNA synthesis buffer, containing 50 mM Tris-HC l, pH 8.3, 3 mM MgC l 2 , 75 mM KC l, 10 mM dithiothreitol, and 0.5 mM each dN TP, 250 ng of p(dN) 6 , 40 U of RNasin (Boehringer Mannheim), and 800 U of SuperscriptII RNaseH Ϫ reverse transcriptase (Life Technologies, Grand Island, N Y) . Incubation times were 15 min at room temperature followed by 2 hr at 42°C. For PCR, oligonucleotides specific for seven members of the rat C lC family were used (Table 1 ). Amplification was performed with 100 ng of reversetranscribed RNA in 50 l of PCR buffer [20 mM Tris-HC l, pH 8.0, 50 mM KC l, 1.5 mM MgC l 2 , 0.2 mM dN TPs, 0.2 M each primer, and 5 U of Taq-polymerase (Life Technologies)] using a programmable thermocycler (Perkin-Elmer C etus, Norwalk, C T) with the following parameters: 94°C for 3 min followed by 30 cycles at 94°C for 45 sec, 58°C for 60 sec, 72°C for 45 sec, and a final incubation at 72°C for 10 min. To detect splice variants of C lC -2, annealing was performed at 55°C. Ten microliters of each PCR product were separated on a 1.5% agarose gel and stained with ethidium bromide. Controls were treated as described above, except adding reverse transcriptase. To verif y the identity of the DNA fragments, PCR solutions were purified using Microcon-100 spin columns (Amicon, Beverly, M A) or geleluted (Qiagen, Hilden, Germany) and subjected to dideoxy sequencing (Sanger, 1977) .
Immunohistochemistr y. After intramuscular injection of ketamine (87 mg / kg; Sigma) and xylazine (13 mg / kg; Sigma), the deeply anesthetized adult Wistar rats were euthanized via transcardiac puncture and exsanguination. The eyes were enucleated, and the lens, cornea, and vitreous body were removed. Eyecups were fixed for 1 hr in 4% paraformaldehyde, cryoprotected in 30% sucrose, embedded in O.C.T. compound (Sakura Finetek, Torrance, CA), and frozen in isopentane chilled with dry ice. Subsequently, 12 m cryosections were collected on siliconized slides. Immunostaining was performed using the indirect fluorescence method with rat anti C lC -2 (1:100) (Staley et al., 1996) and mouse anti-PKC (1:50; Amersham Pharmacia Biotech, Arlington Heights, IL) as primary antibodies and goat anti-rat conjugated to C y3 (1:1000; Sigma) and goat anti-mouse conjugated to FI TC (1:50; Sigma) as secondary antibodies. For double-label experiments, sections were first incubated in a mixture of primary antibodies, followed by a mixture of secondary antibodies. Controls were prepared by using only secondary antibodies or by omitting one of the two primary antibodies. In this case, only immunoreactivity of the remaining primary antibody was detected. Immunofluorescence was accomplished using an epifluorescence microscope (Axiophot; Z eiss, Jena, Germany) equipped with a 40 ϫ 1.3 fluorite objective, a filter wheel (Sutter, Novato, CA), a cooled coupling device (CCD camera CH350; Photometrics, T ucson, AZ), and Metamorph software (Universal Imaging Corp., West Chester, PA). Horizontal sections were analyzed using a confocal laser-scanning microscope (L SM 410; Z eiss) and Z eiss L SM software (version 3.80). Images were reproduced with Adobe Photoshop (Adobe Systems, San Jose, CA) and a color printer (N P-1600M; Codonics, Middleburg Heights, OH).
Cell preparation and electrophysiolog ical recordings. Retinas of adult Wistar rats (8 weeks) were dissociated using a combination of enzymatic and mechanical procedures as described previously (Huba and Hofmann, 1988; Karschin and Wässle, 1990) . One hour after plating on glass coverslips coated with poly-L-lysine (Sigma) and concanavalin A (Sigma), bipolar cells were visually identified under phase-contrast optics of an inverted microscope (Nikon, Melville, N Y) with a CF plan flour 20ϫ objective. C ells were continuously superf used with an extracellular bath solution at a rate of 1 ml /min containing (in mM): 137 NaC l, 5.4 KC l, 1.8 CaCl 2 , 1 MgC l 2 , and 5 H EPES, pH 7.4. NaC l was replaced by NaI and sodium gluconate in anion selectivity experiments. Patch pipettes were made from borosilicate glass (Warner Instruments, Hamden, C T) using a two-stage electrode puller (Narashige, East Meadow, N Y) and had pipette resistances of 3.7-5.2 M⍀ (mean of 4.3 M⍀; n ϭ 5) when filled with an intracellular solution containing (in mM): 120 C sC l, 20 TEA-C l, 1 CaCl 2 , 2 MgC l 2 , 11 EGTA, and 10 H EPES, pH 7.2. Electrode holder and head stage were mounted on a piezo-electric remote-controlled device attached to a three-dimensional mechanical micromanipulator (Burleigh Instruments, Fishers, N Y). Membrane currents were recorded in the whole-cell configuration of the patch-clamp method (Hamill et al., 1981) using an Axopatch amplifier (Axon Instruments, Foster C ity, CA) and PCL AM P 6.0 software (Axon Instruments). Currents were low-pass filtered at 2 kHz (four-pole Bessel filter) and sampled with 20 Hz. The recorded data were corrected for errors resulting from series resistance, estimated to be in the range of 15 M⍀ (two to five times the pipette resistance) (Marty and Neher, 1995) and from liquid junction potential, calculated to be ϩ 3.37 mV for NaC l, Ϫ2.42 mV for NaI, and Ϫ7.31 mV for sodium gluconate (Barry, 1994) . Leak subtraction was not applied, because the data presented in this paper are qualitative in nature. C dSO 4 , 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulphonic acid (DI DS), NaI, and sodium gluconate (all from Sigma) were applied in the bath solution with the U-tube application system (Bormann, 1992 
RESULTS

Expression of voltage-gated chloride channels in the rat retina
The presence of mRNA transcripts encoding seven members of the C lC family in the adult rat retina was studied using reverse transcription (RT)-PCR. Single strand cDNA obtained after reverse transcription of retinal mRNA was amplified with oligonucleotides specific for the seven C lC genes (Table 1) . DNA fragments were amplified from C lC -1,-2,-3,-4, and -5 mRNA transcripts but not from C lC -K1 or C lC -K2 (Fig. 1 A) . Alternative splicing of C lC -2 in rat brain has been reported. Skipping of exon 20 produced mRNA transcripts that were 60 nucleotides shorter (Chu et al., 1996; Chu and Z eitlin, 1997) . DNA fragments of the expected size for the exon 20 splice variant were amplified from rat retina (Fig. 1 B) . For all PCR experiments, control reactions without adding reverse transcriptase excluded contamination.
Immunohistochemical localization of ClC-2 in rod bipolar cells
A polyclonal immunoserum raised in rabbit that specifically recognizes C lC -2 (Staley et al., 1996) was applied to vertical cryostat sections of the adult rat retina. Immunoreactivity could be detected in all retinal layers (Fig. 2 A) . C ell bodies in the outer nuclear layer (ON L) were faintly labeled, whereas cell bodies present in the inner nuclear layer (I N L) and ganglion cell layer (GCL) were intensely stained. Within the INL, ClC-2 immunoreactivity was visible as bright regions in cell bodies lying at the outer half of the INL, presumably being bipolar cell bodies. In addition, fluorescence could be detected in both the outer plexiform layer (OPL) and the inner plexiform layer (IPL). The strong staining of photoreceptor inner segments was nonspecific, because it was also visible in sections that were incubated without primary antibodies (Fig. 2 B) . To indicate the position of retinal layers, a Nomarski photograph is shown in Figure 2C .
To determine which type of neurons stained brightly in the outer half of the INL, we performed double-immunofluorescence experiments. Labeling for ClC-2 was visualized with secondary antibodies coupled to Cy3 (Fig. 3A, red fluorescence) . Intense staining was visible in the outer half of the INL, as well as throughout the IPL. The same section was also incubated with an antibody against the ␣ isoform of PKC, which is used to identify rod bipolar cells (Greferath et al., 1990) . Binding of this antibody was visualized with secondary antibodies coupled to FITC (Fig.  3B, green fluorescence) . Rod bipolar cell bodies were seen in the outer half of the INL. Their dendrites terminated in the OPL, and their axons proceeded vertically to the lower border of the IPL in which they ended in a broad band of varicose swellings. Double exposure of this section superimposed the red staining for ClC-2 in the upper half of the INL on nearly every green-labeled rod bipolar cell body. The resulting yellow signals were visible as bright regions in the upper part of the INL and appeared to be within the rod bipolar cell bodies (Fig. 3C ). In addition, intense ClC-2 immunoreactivity was colocalized with the axon terminal systems of rod bipolar cells in the IPL (stars).
Further studies were performed to determine the location of the ClC-2 immunoreactivity in the INL and the IPL. An enlarged vertical section of the outer half of the INL is shown in Figure 4 A. Every rod bipolar cell body (identified by green PKC immunoreactivity) was also labeled with the ClC-2 antiserum, seen as intense costaining ( yellow). ClC-2 was also present on Immunohistochemical detection of C lC -2 in the rat retina. A, A fluorescence micrograph of a vertical cryostat section through the rat retina was incubated with antibodies specific for C lC -2 and visualized using secondary antibodies coupled to C y3. Immunofluorescence could be seen throughout the retina, most prominent at cell bodies present in the outer half of the I N L and in the I PL. Scale bar, 25 m. B, Control experiment in which only the secondary antisera was used. Nonspecific staining of photoreceptor inner segments can be seen. C, Retinal layers are shown using Nomarski optics. IS, Inner segments of photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. neurons other than rod bipolar cells (Fig. 4 A, star) . To evaluate whether the C lC -2 immunoreactivity on rod bipolar cell bodies was localized to the membrane or whether the protein was present in intracellular structures, a horizontal plane of a doublelabeled rod bipolar cell body was visualized by confocal laserscanning microscopy (Fig. 4 B) . Superimposure of the PKC immunoreactivity (lef t, green fluorescence) with the C lC -2 staining (middle, red fluorescence) suggested that C lC -2 is localized in or near the cell membrane of rod bipolar cell bodies (right, yellow fluorescence). An enlarged view of the I PL is shown in Figure 4C . The lef t shows vertically oriented axons of rod bipolar cells terminating in their terminal systems at the lower border of the IPL ( green fluorescence). The C lC -2 immunofluorescence of the same section is shown in the right of Figure 4C (red fluorescence). Colocalization of rod bipolar cell axon terminals with ClC-2 staining was evident (stars). In summary, C lC -2 seems to be expressed at axon -terminal systems of rod bipolar cells, thus being in the vicinity of GABA and glycine receptors. In addition, we found C lC -2 to be expressed in surprisingly high concentrations in rod bipolar cell bodies, most likely present in the membrane of these neurons.
Hyperpolarization-activated chloride currents in rod bipolar cells
To investigate whether functional ClC-2 chloride channels are present in cell membranes of rod bipolar cells, we performed whole-cell patch-clamp studies on isolated rod bipolar cells. It has been shown previously that cells in retinal dissociates that have the appearance of bipolar cells (Fig. 3B) are rod bipolar cells, because they can be stained with an antibody against the ␣ subunit of PKC (Greferath et al., 1990; Karschin and Wässle, 1990) . Rod bipolar cells were visually identified under an inverted microscope, and voltage-activated currents were recorded using a specific protocol: initial depolarization from 0 to ϩ40 mV, than voltage steps in Ϫ20 mV increments to a potential of Ϫ140 mV (Fig. 5, left) . Maximal currents at Ϫ140 mV were between 1000 and 3000 pA. A representative current tracing is shown in Figure  5 (middle). At negative voltages, the chloride channel opened in a time-dependent manner over a 250 msec interval and showed inward rectification, characteristics typical of ClC-2 recorded in mammalian cells (C arew and Thorn, 1996; Ferroni et al., 1997; Park et al., 1998; Schwiebert et al., 1998) . To compare currentvoltage relationships of different bipolar cells, current values for each cell were normalized by dividing the current recorded at each voltage step by the current recorded at Ϫ140 mV. Normalized data from 12 different cells are shown in a current-voltage plot (Fig. 5, right) . Inward rectification of the observed chloride conductance was observed at potentials negative to Ϫ60 mV.
To characterize the nature of the observed currents, hyperpolarization-activated currents were recorded in bath solutions containing different anions. The relative anion selectivity for ClC -2 has been shown to be C l Ϫ Ͼ I Ϫ Ͼ gluconate Ferroni et al., 1997; Jordt and Jentsch, 1997; Clark et al., 1998; Schwiebert et al., 1998) . When 137 mM NaCl was substituted with sodium iodide or sodium gluconate, the amplitudes of the recorded currents decreased in the order Cl Ϫ Ͼ I Ϫ Ͼ gluconate at all potentials (Fig. 6 A) . Normalized data are shown in a current-voltage plot. Mean reductions at Ϫ100 mV were 38.6 Ϯ 10.7% (iodide) and 60.1 Ϯ 3.3% (gluconate) and were statistically significant (chloride -iodide, p ϭ 3.5 ϫ 10 Ϫ4 ; iodide -gluconate, p ϭ 3.8 ϫ 10
Ϫ2
). The reversal potentials (E rev ) were ϩ0.29 Ϯ 0.4 mV for symmetrical chloride, ϩ3.3 Ϯ 0.25 mV, and ϩ 16.6 Ϯ 4.2 mV after substituting 137 mM chloride with iodide or gluconate. From the mean values, permeation ratios relative to chloride were calculated for iodide (0.85) and for gluconate (0.47).
To f urther characterize the hyperpolarization-activated currents in isolated bipolar cells, C d 2ϩ or DI DS were applied in the external solution. C admium has been shown to be a potent reversible inhibitor of C lC -2-mediated chloride currents, whereas DIDS only minimally affects C lC -2 currents (Madison et al., 1986; Chesnoy-Marchais and Fritsch, 1994; Fritsch and Edelmann, 1996; Ferroni et al., 1997; C lark et al., 1998; Schwiebert et al., 1998) . Application of 500 M Cd 2ϩ reduced the voltageactivated current by 86.4 Ϯ 2.7% at Ϫ120 mV (Fig. 6 B) . In contrast, the application of 500 M DI DS had a minor effect on the recorded current traces (Ϫ26.3 Ϯ 10.1% at Ϫ120 mV). Normalized data from five different cells are shown in a currentvoltage plot. Thus, rod bipolar cells generated time-dependent inwardly rectif ying currents at hyperpolarizing voltages that showed anion-selectivity (C l Ϫ Ͼ I Ϫ Ͼ gluconate), sensitivity to Cd 2ϩ , and minimal inhibition by DI DS.
DISCUSSION
Very little is known of the expression pattern of voltage-gated chloride channels in the retina. Using RT-PCR, we detected transcripts for ClC-1,-2,-3,-4, and -5 in the adult rat retina. ClC-1 is considered to be muscle-specific; thus, our observations on the expression of ClC-1 outside muscle suggests a broader distribution of this channel than previously thought. Indeed, ClC-1 has also been detected in hair cells of the rat cochlea (Kawasaki et al., 1999) . Considering the potential importance of ClC-2 in inhibitory neurotransmission, we decided to perform an extensive study on its cellular distribution in the retina. Incubation of vertical cryostat sections of retina with ClC-2-specific antibodies revealed the presence of ClC-2 protein on the cell bodies of all nuclear layers, as well as in both synaptic layers, consistent with the wide tissue distribution of ClC-2 . However, intense staining was consistently noted in the outer half of the INL that colocalized with PKC-stained rod bipolar cells. Confocal microscopy revealed that the ClC-2 staining appeared to be in, or near, the cell membranes of rod bipolar cells. ClC-2 has been found in the proximity of cell membranes in airway epithelia of the rat and human embryonic kidney cells (HEK 293) and in secretory granules at the apical pole of pig pancreatic cells (Murray et al., 1995; Carew and Thorn, 1996; Park et al., 1998) . In the IPL of the rat retina, axon terminals of rod bipolar cells were intensely stained by the ClC-2 antibodies. Many subunits of glycine and GABA receptors are present at the axon terminal systems of these cells (Karschin and Wässle, 1990; Greferath et al., 1995; Enz et al., 1996) . Therefore, ClC-2 seems to be present in a region of bipolar cells in which massive chloride influx is predicted to occur. However, we cannot rule out the possibility that localization in the IPL is a result of expression of ClC-2 on amacrine cells that form reciprocal synapses with bipolar cell terminals. This issue might be solved using electron microscopy.
Patch-clamp experiments were performed on single rod bipolar cells to corroborate the anatomical localization of ClC-2 to these neurons. The isolated cells exhibited time-dependent inwardly rectified currents that activated within milliseconds at hyperpolarizing membrane potentials. The anion selectivity (Cl Ϫ Ͼ I Ϫ Ͼ gluconate) of these currents indicated that a chloride selective ion channel was responsible for a substantial fraction of the currents. Furthermore, the observed reversal potential (E rev ) in symmetrical chloride (ϩ0.3 mV) was close to the predicted E rev for a chloride current under these conditions (0 mV). Substitution of extracellular chloride with iodide or gluconate caused a shift of E rev to positive voltages as expected, but the magnitude of the shift was less than predicted by the Nernst equation. The muted shift in reversal potential may be caused by inactivation of ClC-2 at depolarizing voltages, as reported previously (Jordt and Jentsch, 1997) . This concept is supported by the observation that ClC-2 channels activated by acidic pH remain open at positive voltages and display more substantial shifts of E rev in iodide and gluconate solutions (Jordt and Jentsch, 1997; Schwiebert et al., 1998) .
The characteristics and anion selectivity of the chloride currents were consistent with those reported previously for ClC-2. Exchange of extracellular chloride with other anions reduced the current amplitudes at negative and positive membrane potentials, indicating an effect that was independent of the direction of ion flow Ferroni et al., 1997; Clark et al., 1998; Schwiebert et al., 1998) . Furthermore, ClC-2 expressed in mammalian cells has been shown to activate in milliseconds, as observed in the rat bipolar cells (Carew and Thorn, 1996 ; Ferroni Schwiebert et al., 1998) . In contrast, mammalian forms of C lC -2 have considerably slower activation kinetics when expressed in Xenopus oocytes Jordt and Jentsch, 1997) . To f urther characterize the observed chloride conductance, we applied C d 2ϩ and DI DS, two compounds used to study C lC -2 in other cell systems (Ferroni et al., 1997; Clark et al., 1998; Schwiebert et al., 1998) . E xtracellular C d 2ϩ substantially reduced the voltage-activated chloride current, whereas DIDS had a minor effect, most likely because of its negative charge, consistent with previous studies of C lC -2 (Ferroni et al., 1997; C lark et al., 1998; Schwiebert et al., 1998) . Therefore, our electrophysiological studies appear consistent with C lC-2 immunoreactivity in, or near, the cell membrane of rod bipolar cells (Fig. 4 B) and support the idea that at least a fraction of ClC-2 protein is located within the membrane.
The hyperpolarization-activated currents we observed in the rod bipolar cells have characteristics similar to a potassium conductance studied by Karschin and Wässle (1990) . The authors reported that addition of cesium in the patch pipette blocked the potassium current completely. Although shape and activation characteristics of the potassium currents were similar to the traces presented in this paper, it is unlikely that the conductance we described was caused by potassium. First, all recordings were performed with 120 mM CsCl and 20 mM TEA-Cl in the patch-pipette; thus, potassiummediated currents should be completely blocked. Second, all recordings were performed with symmetrical chloride concentrations without potassium inside the cell. Under these conditions, a potassium current would reverse at a very positive voltage. In contrast, the observed reversal potential of our currents was close to 0 mV, consistent with the predicted reversal potential of a chloride current under our recording conditions. We cannot, however, exclude the possibility that a minor portion of the voltage-activated current could be carried by an inwardly rectified potassium current because of an incomplete block by Cs ϩ and TEA ϩ , and/or by a Cd 2ϩ -sensitive nonselective cation conductance.
Among retinal neurons, only rod bipolar cells express three ligand-gated chloride channels (glycine, GABA A , and GABA C , receptors). It has been shown that GABA and glycine can be coreleased from individual synaptic vesicles in interneuron--motoneuron synapses of the rat spinal cord, producing simultaneous activation of GABA and glycine receptors (Jonas et al., 1998) . Although the same phenomenon has not been observed in the retina, simultaneous release of both neurotransmitters may occur at a single synapse using different vesicles. Thus, GABA and glycine receptors might be activated simultaneously, which could result in a substantial chloride influx into rod bipolar cells. Reduction of the chloride gradient could lower the inhibitory effect of GABA and glycine on the bipolar cells (Adams and Brown, 1975; Barker and Ransom, 1978; Segal and Barker, 1984) .
Our results suggest that two mechanisms operate to maintain the chloride gradient and, in turn, the inhibitory effect of GABA and glycine on retinal bipolar cells. First, outward-directed chloride transporters, such as KCC2, could actively transport chloride out of cells to establish a strong inward driving force for chloride (Jarolimek et al., 1999; Rivera et al., 1999) . Indeed, it has been shown that bipolar cells in primary cultures of the chick retina express the KCC2 isoform of the potassium-chloride cotransporter (Williams et al., 1999) . Localization of functional ClC-2 channels to bipolar cells in this report suggests that a second mechanism may operate in situations of substantial chloride influx. Based on the proposition that ClC-2 channels clamp E Cl at or near E m in cortical neurons, it is possible that these channels play the same role in retinal neurons (Smith et al., 1995; Staley et al., 1996) . In this way, ClC-2 could act as a "safety" valve for chloride ions. The characteristics of ClC-2, inwardly rectified chloride channels that open at hyperpolarizing membrane potentials without time-dependent inactivation would be well suited for this task.
